Introduction
Oxygen is one of the most common elements found in organic and biological molecules. Oxygen-containing functional groups can be found in all biologically important molecules such as proteins, nucleic acids, carbohydrates, and phospholipids. Oxygen is often present at the center of action in many biological structures and processes. For example, oxygencontaining functional groups are directly involved around the catalytic center of many enzymes, at the ion binding sites of metalloenzymes, and at the substrate-enzyme interaction interfaces. Although the potential of 17 O NMR spectroscopy was recognized many years ago, 1,2 the progress has been rather slow until recently. In the past several years, significant effort has been devoted to the experimental characterization of fundamental 17 O quadrupole coupling (QC) and chemical shift (CS) tensors for oxygen-containing organic functional groups.
3,4
C-nitrosoarenes represent an important class of organic compounds widely used in organic chemistry, coordination chemistry, and biochemistry. [5] [6] [7] The C-nitroso compounds have also found a wide range of pharmaceutical applications. [8] [9] [10] In the context of biological systems, C-nitrosoarenes (as well as HNO) can form stable complexes with heme proteins such as cytochrome P450, myoglobin and hemoglobin. Therefore, C-nitrosoarene metal complexes are also of considerable interest. To explore the possibility of using solid-state 17 O NMR as a new spectroscopic probe of the chemical bonding in Cnitrosoarenes and their metal complexes, we decided to determine the relevant 17 O NMR tensors for the ArNdO functional group, the first time such a study is undertaken. We chose to investigate four representative C-nitrosoarenes consisting of a parent C-nitrosoarene compound, its hydrochloride salt (where the NdO group is protonated) and two diamagnetic κ 1 -O-bound metal complexes; also see Figure 1 . There are three major reasons for selecting these C-nitrosoarene systems, especially the two κ 1 -O-bound metal complexes, for this initial investigation. First, these compounds are diamagnetic and thus suitable for NMR studies. Second, the κ 1 -O-binding mode should cause the largest changes in 17 O NMR properties as compared with those for the parent compound. Third, similar C-nitrosoarene compounds, in both κ 1 -N-and κ 1 -O-bound forms, have been investigated previously by Oldfield and co-workers 13 ) was mounted on a glass fiber with grease and cooled to -93°C in a stream of nitrogen gas controlled with Cryostream Controller 700. Data collection was performed on a Bruker SMART APEX II X-ray diffractometer with graphite-monochromated Mo K R radiation (λ ) 0.71073 Å), operating at 50 kV and 30 mA over 2θ ranges of 4.58-50.00°. No significant decay was observed during the data collection. Data were processed on a PC using the Bruker AXS Crystal Structure Analysis Package. 32 Neutral atom scattering factors were taken from Cromer and Waber. 33 The crystal is triclinic space group P1 j , based on the systematic absences, E statistics, and successful refinement of the structure. The structure was solved by direct methods. Full-matrix least-squares refinements minimizing the function ∑w (F o 2 -F c 2 ) 2 were applied to the compound. All non-hydrogen atoms were refined anisotropically. The hydrogen atoms were calculated, and their contributions were included in the structure factor calculations. Convergence to final R 1 ) 0.0151 and wR 2 ) 0.0374 for 1822 (I > 2σ(I)) independent reflections, and R 1 ) 0.0153 and wR 2 ) 0.0375 for all 1839 (R(int) ) 0.0135) independent reflections, with 218 parameters and 0 restraints, were achieved. The largest residual peak and hole were found to be 0. programs. In the ADF calculations, Vosko-Wilk-Nusair (VWN) exchange-correlation functional 37 was used for the local density approximation (LDA) and Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional 38 was applied for the generalized gradient approximation (GGA). Standard Slater-type-orbital (STO) basis sets with triple-quality plus different numbers of polarization functions (TZP and TZ2P) were used for all atoms except for Sn. The QZ4P basis set was used for Sn. The relativistic (scalar) effect was included using either zeroth-order regular approximation (ZORA) 39, 40 or Pauli-type 41 Hamiltonians. Mayer bond orders for the NdO group were calculated using the keyword "EXTEND-EDPOPAN" and the TZ2P basis set. In the G03 calculations, the hybrid B3LYP exchange functional 42,43 was used with standard basis sets such as 6-311G(d,p), 6-311++G(d,p), 6-311++G(3df,3pd), and cc-pVTZ. In both ADF and G03 shielding calculations, the gauge-including atomic orbital (GIAO) approach 44,45 was employed. All quantum mechanical calculations were performed on Sun Fire E25K servers running Solaris 10, each with 72 dual-core UltraSPARC-IV+ 1.5 GHz SMP processors and 576 GB of RAM. Typically six processors were used for each calculation.
The principal components of the electric field gradient (EFG) tensor, eq ii (ii ) xx, yy, zz; |eq zz | > |eq yy | > |eq xx | and eq zz + eq yy + eq xx ) 0), were computed in atomic units (1 au ) 9.717365 × 10 21 V m -2
). The principal components of the shielding tensor (σ ii ) were reported using the usual convention: σ iso ) (σ 11 + σ 22 + σ 33 )/3 and σ 33 > σ 22 > σ 11. In solid-state NMR experiments for quadrupolar nuclei, the measurable quantities for a quadrupole coupling (QC) N nuclei, respectively. 
Results and Discussion

Analysis
(1) 24 As mentioned earlier, after we obtained the 17 O CS tensor components and their relative orientations, we were able to simulate the spinning sideband patterns in the MAS spectra; see Figure 2 . The simulated spinning sideband patterns match closely with the experimental spectra, providing further confirmation about the reliability of the solid-state 17 O NMR parameters reported in Table 1 . At this point, it is important to point out that, because SnCl 2 Me 2 (NODMA) 2 and ZnCl 2 (NODMA) 2 have η Q ≈ 1, there exist two sets of Euler angles that can produce rather similar (but not identical) 17 O NMR spectra. In the present cases, the two sets of Euler angles are related by R 1 ) R 2 ≈ 0°, 1 ) 2 ≈ 90°, and γ 1 ) 90°-γ 2 . These two sets of Euler angles describe such tensor orientations that, in one case, δ 11 is roughly along the direction of yy , whereas in the other case, δ 11 is roughly along the direction of zz . The origin of this ambiguity is quite easy to understand. When a QC tensor has η Q ≈ 1, zz and yy components would have very similar magnitude but opposite signs. Because NMR spectra are independent of the absolute signs of the QC tensor components, these two sets of Euler angles in fact describe essentially the same physical situation, thus producing very similar static and MAS spectra. This is a general problem often encountered whenever the QC tensor under study has η Q ≈ 1. Therefore, caution should be exercised in deciding which set of the Euler angles is the correct one (Vide infra). 1.218(4) Å. As Oldfield and co-workers 13 noted previously, this NdO bond length is unusually short and most likely results from experimental errors. For this reason, we decided to reexamine the crystal structure of this compound. New crystallographic data and structural details for SnCl 2 Me 2 (NODMA) 2 are provided in the Supporting Information. Although the unit cell parameters determined by us are quite similar to those reported by Matsubayashi and Nakatsu, 29 we did observe a significant disorder phenomenon that had not been mentioned in the previous study. As shown in Figure S1 (Supporting Information), the two symmetry-related NODMA molecules can orient themselves in two different ways related by a two-fold axis through the metal center. We found that the two orientations have an occupancy ratio of about 3:1. The NdO bond lengths are 1.296(4) and 1.283(15) Å for the major (75%) and minor (25%) orientations, respectively. These NdO bond lengths are significantly longer than 1.218 Å, but consistent with those found in other nitroso-metal complexes, e.g., 1.304 Å in ZnCl 2 (NODMA) 2 . 28 These new crystallographic results suggest that it was the unsolved disorder that had led to the erroneous NdO bond length reported by Matsubayashi and Nakatsu. 29 In a broader context, significant crystallographic disorder is commonly observed in κ 1 -O-bonded C-nitroso complexes; many reported NdO bond distances in the literature may need to be re-examined. 6 In the next sections, we use this correct crystal structure to build molecular models of SnCl 2 Me 2 (NODMA) 2 for quantum chemical calculations. N (CS) NMR tensors in a unified fashion. This would allow us to fully assess the quality of quantum chemical computations. We performed two types of DFT calculations. One is to use the exchange functional built in the ADF package and the other to employ the hybrid exchange functional B3LYP as implemented in the G03 suite of programs. We have performed calculations using a variety of standard basis sets and different spin-orbit relativistic methods. For NODMA, ZnCl 2 (NODMA) 2 and NODMA · HCl, we used the crystal structures from the literature.
28,51,52 For SnCl 2 Me 2 (NODMA) 2 , we used the revised crystal structure reported in the previous section. In this case, because the two ligand orientations due to crystallographic disorder are associated with slightly different molecular structures, we performed calculations on both of them. We found that the computed results are quite similar for the major (75% occupancy) and minor (25% occupancy) components (within 1% and 8% for the QC and CS tensor components, respectively). Therefore, we report only those from the major component. Some representative results are listed in Table 2 ; a complete list of results for all basis sets and methods used in this study can be found in the Supporting Information. Figure 4 shows comparison between experimental and computed CS and QC tensor components for the four C-nitrosoarene compounds. In general, ADF and B3LYP/G03 methods reproduce the experimental NMR data to a similar degree of accuracy. e Computed with the 6-311++G(3df,3pd) basis set for nonmetal atoms and the DZVP basis set for metal atoms.
f The sign of experimental C Q was assumed to be the same as the calculated ones.
are expected. Given that the current data set covers nearly the entire chemical shift ranges for Figure 4 that all 17 O, 14 N and 15 N NMR tensors behave in a similar fashion, suggesting that the current computational methods are valid. The observed systematic discrepancy in the computed CS tensor components for C-nitrosoarene compounds is somewhat larger than that seen in carbonyl compounds. 24 17 O QC tensor as an internal reference, which then allows us to place experimentally determined 17 O CS tensors into the molecular frame of reference. For the C-nistrosoarenes under consideration, we found that zz is invariantly along the direction of the nonbonding (electron lone pair) orbital. In the cases of NODMA, SnCl 2 Me 2 (NODMA) 2 and ZnCl 2 (NODMA) 2 , this corresponds to the direction lying in the C-NdO plane and perpendicular to the NdO bond. For NODMA · HCl, on the other hand, this direction is within the NdO-H plane making an angle of approximately 20°with respect to the NdO bond. These 17 O QC tensor orientations are depicted in Figure 5 . It should also be noted that the DFT calculations suggest that C Q > 0 in NODMA, SnCl 2 Me 2 (NODMA) 2 , and ZnCl 2 (NODMA) 2 , but C Q < 0 in NODMA · HCl. Once the QC tensor is fixed in the molecular frame, we can use the experimentally determined relative orientation between the QC and CS tensors (Euler angles R, , γ) to decide on the CS tensor orientation. As shown in Figure 5 , the 17 O CS tensors in NODMA, SnCl 2 Me 2 (NODMA) 2 , and ZnCl 2 (NODMA) 2 have essentially the same orientation such that δ 11 is almost along the NdO bond (within 7-16°). The 17 O CS tensor for NODMA · HCl has a quite different orientation. In this case, δ 11 is nearly along the O-H bond direction making an angle of 70°with respect to the NdO bond. A common feature among the 17 O CS tensors of the four C-nitrosoarenes is that δ 33 is perpendicular to the C-NdO plane. These tensor orientations are in good agreement with the computed results.
To put the aforementioned NMR tensor orientations in context, we show in Figure 6 what has been known about the 17 Figure 6 , zz (or C Q ) is invariantly positive with its direction being in-plane and perpendicular to the NdO or CdO bond. In fact, this is also true for most of the carbonyl compounds. 4 Because zz is positive, the other two QC tensor components ( yy and xx ) must have negative values. Close inspection of the QC tensors in these functional groups reveals that, on going from O 3 to aldehyde, as the magnitude of zz decreases, the magnitude of the out-of-plane component increases and the component along the X ) O bond decreases. As a consequence, there is an apparent switch of QC tensor orientation between nitroso and aldehyde groups. This is simply due to the way that these two components are defined (i.e., | yy | > | xx |). Aside from this aspect, it is clear that the 17 yielded According to Ramsey's theory of nuclear shielding, 73 the total shielding tensor at a nucleus can be divided into diamagnetic and paramagnetic contributions:
where the subscript ii indicates the individual principal components of the shielding tensor (i ) x, y, z). For i ) x, the two shielding contributions can be written as:
where 〈0| is the ground-state electronic wave function, the sum over k is over all excited electronic states, the sum over j is over all electrons, L x is the electron orbital angular momentum operator, r j is the distance between the jth electron and the nucleus of interest, cc indicates complex conjugate, E 0 and E k are the energy values for the ground-and excited-states, respectively, other symbols such as µ 0 , e, and m e are standard constants. Qualitatively, the diamagnetic shielding term is dominated by the core electrons and consequently exhibits little orientation dependence. On the other hand, the paramagnetic shielding contribution is responsible for the anisotropic nature of the shielding tensor. It is clear from eq 6 that the paramagnetic shielding term is inversely proportional to the energy gap between the ground state and the excited state.
In the formulation implemented in the ADF software package, σ p is further partitioned into three different parts: 74 where σ p (gauge), σ p (occ-occ) and σ p (occ-vir) describe paramagnetic shielding contributions from the gauge, coupling between occupied and occupied MOs, and coupling between occupied and virtual MOs, respectively. A summary of various contributions to the 17 O shielding tensor for C-nitrosoarenes is provided in the Supporting Information (Table S8) Because σ p (occ-vir) is the most important source of paramagnetic shielding contribution, we examine it further in order to gain better understanding of the origin of the extreme 17 O shielding tensors observed in C-nitrosoarenes. It turns out that, for C-nitrosoarenes, σ p (occ-vir) is determined essentially by just a few MO couplings out of a large number of possible MO couplings, making it easier to discuss them in detail. From this point further, we switch our terminology from "MO coupling" to "magnetic field-induced mixing" to emphasis the physical origin of σ p (occ-vir). Table 3 lists the major contributors to σ p (occ-vir) along the directions of individual shielding tensor components, together with the relevant energy gap, ∆E.
In the discussion that follows, we use NODMA as an example to illustrate how magnetic field-induced mixing between individual MOs contributes to the 17 O shielding tensor. Our discussion is generally within the framework of the Ramsey's theory (eqs 4-6) and at the same time makes use of the results given by Jameson and Gutowsky. 75 To learn more about the general relationship between magnetic field-induced MO mixing and a shielding tensor, the reader may consult an excellent review written by Widdifield and Schurko.
76 Figure 7 shows the four most important MOs with regard to the origin of σ p (occvir). It is interesting to note that the same set of MOs also make the largest contributions to σ p (occ-vir) at the 15 N nucleus within the NdO group. As seen in Figure 7 , because a 90°rotation of the n orbital along the NdO bond would generate a significant overlap with the π*(NO) orbital, this pair of MOs can be "mixed" by the presence of a strong magnetic field along the NdO bond. In addition, because the energy gap between the n and π*(NO) MOs is very small (1.07 eV in NODMA), magnetic field-induced mixing between these MOs would thus produce a significant amount of σ p (occ-vir), according to eq 6. In 
comparison, the MO mixing between n and π*(NC) has the same symmetry, but a much larger ∆E (3.80 eV) and, thus, much smaller σ p (occ-vir). Another factor is that π*(NC) is not localized as much as π*(NO) around the oxygen atom. However, as seen in Figure 7 and Table 3 , the n f π* type of MO mixing accounts for 98% of the total paramagnetic shielding along the direction of σ 11 . In contrast, the σ f π* mixing is responsible for σ p (occ-vir) along the direction that is in-plane but perpendicular to the NdO bond (the direction of σ 22 ). As seen from Table 3 , the contribution from n f π* mixing decreases to 88% in SnCl 2 Me 2 (NODMA) 2 , to 78% in ZnCl 2 (NODMA) 2 , and 44% in NODMA · HCl. This decrease is primarily due to the increase in energy gap between the two MOs. As expected from eq 6, σ p depends linearly on 1/∆E for both n f π* and σ f π* mixing, as illustrated in Figure S2 in the Supporting Inforamtion. The similar slopes observed for the two types of mixing suggest that the degrees of MO overlaps are similar for n f π* and σ f π*. An approximately linear relationship between 17 O chemical shifts and lowest-energy electronic transitions measured in optical spectra was first observed in the early years of 17 O NMR spectroscopy. 77 However, caution should be exercised if one uses this line of reasoning to interpret chemical shifts, i.e., to link the observed isotropic chemical shift to a particular electronic transition. In principle, as we showed here, it is the individual shielding tensor components rather than the trace of the shielding tensor that should be correlated to the electronic transitions.
For the Zn and Sn complexes of NODMA, the O f M bonding is essentially σ-donation from the ligand molecule. A natural bond orbital (NBO) analysis suggests that there is very little back-donation from the metal orbitals to the π* MO of the NdO group. Therefore, it is not surprising that the two metal complexes exhibit rather similar 17 O NMR parameters. O quadrupole coupling constant from a single electron in a pure 2p atomic orbital; P π and P σ are the orbital populations in the π and σ bonds of the NdO group, respectively.
For NODMA · HCl, because the oxygen atom of interest is dicoordinated (NdO-H), a slightly different model has to be used. If we assume that the oxygen atom in question has sp 2 hybrid orbitals within the plane forming two σ bonds and a lone pair and a pure 2p orbital normal to the NdO-H plane contributing to a π bond, we can obtain the following expressions for the 17 Table 4 . In general, on going from NODMA, SnCl 2 Me 2 (NODMA) 2 , ZnCl 2 (NoDMA) 2 to NODMA · HCl, we observe an increase in P π , thus a decrease in the π bond order. This is in agreement with the observed trend in the NdO bond length. Furthermore, the π bond order can be calculated from P π using (2 -P π )/0.9 where the factor of 0.9 arises from a consideration of the electronegativity difference between N and O atoms, as described by Brown and co-workers. [79] [80] [81] Table 4 also lists the calculated Mayer bond order for the four Cnitrosoarenes. Quite interestingly, the Mayer bond orders are in good correlation with the π bond orders. In fact, if we assume that the σ bond order is approximately 1 in the NdO bond, the total bond order (a simple sum of the π and σ bond orders) is in excellent agreement with the calculated Mayer bond order.
For completeness, we also performed a Townes-Dailey analysis of the 14 N QC tensor experimentally determined for NODMA. 50 Assuming 0 ) -11 MHz for a single electron in a pure 2p atomic orbital of the neutral nitrogen atom, 84, 85 we obtained P π ) 1.099 and P σ ) 1.272 for the NdO bond in NODMA. If we use exactly the same electronegativity argument as mentioned earlier, a π bond order of 0.819 can be calculated using (2 -P π )/1.1. This value is in satisfactory agreement with that derived from the 17 O QC tensor as shown in Table 4 . An NBO analysis indicates that the oxygen atomic charge increases on going from NODMA to its Sn and Zn complexes, consistent with the picture that the κ 1 -O-binding mode is associated with increased contributions from a dipolar quinonoid resonance structure. The NBO analysis also confirms that the oxygen atom in NODMA · HCl is involved in a quite different orbital hybridization compared with those in the other three Cnitrosoarene compounds investigated in this study. O CS tensor components are plotted against the π bond order for C-nitrosoarenes, a clear trend is observed. That is, δ 11 and δ 22 are strongly correlated with the π bond order, but δ 33 is essentially invariant. As a result, δ iso ( 17 O) also increases with the π bond order, as first noted by Kidd more than 40 years ago. 93 Recently, we reported a quite general correlation between 17 O CS tensor components and C Q for carbonyl compounds.
Relationship
4,24 While direct comparison of C Q is valid within a class of closely related molecules, the underlying assumption is that these molecules have the same 17 O QC tensor orientation in the molecular frame of the CdO moiety. When the 17 O QC tensor orientation is different or the sign of C Q is changed, which is the case for the four C-nitrosoarenes studied here, it will not be very useful if one examines only the magnitude of C Q . Therefore, it is much more important and fundamentally correct to examine the nature of chemical bonding by analyzing the full 17 O QC tensor (e.g., using the Townes-Dailey model). The trend observed in Figure 8 suggests that the 17 O CS and QC tensors in C-nitrosoarenes are intrinsically related through the π bond order of the NdO bond. Moreover, the 75 several other factors will need to be considered for comparing CS tensor components between two nuclei within the same functional group (e.g., 15 N and 17 O in the NdO group). As seen from Figure 9 , when the δ 11 and δ 22 components are examined, the observed slopes, 2.62 and 3.55, are larger than 1.75. This suggests that the other two factors (∆E and ∑Q AB ) in eq 14 must be important. For the C-nitrosoarenes under investigation, our calculations show that the same set of MOs are responsible for both 15 N and 17 O paramagnetic shielding contributions. Thus the ∆E term will be identical when applying eq 14 to either 15 N or 17 O nuclei. Under such a circumstance, the observed discrepancy in slopes (2.62 versus 1.75 for δ 11 and 3.55 versus 1.75 for δ 22 ) must reflect the subtle difference in ∑Q AB . The fact that both the observed slopes are greater than 1.75 suggests that changes in ∑Q AB are larger for oxygen than for nitrogen. Because the paramagnetic shielding contribution along the direction of δ 33 is negligible, neither δ 33 ( 
